
write operations in an in-memory B+-tree and merges out these
data to the persistent B+-tree backing store (Berkeley Database
Java Edition) after a period of time or when the buffer for the in-
memory B+-tree is full.
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Range query. Figure 18 shows the performance of range can
query in ecStore and Cassandra when varying the size of query
range in a system of 18 nodes. We can observe that the response
time of range query in both systems increases together with the
query range size. In addition, ecStore has lower latency with range
query because the B+-tree in ecStore supports range query effi-
ciently, while in Cassandra the range query processing might need
to check multiple SSTable.

As a result, ecStore also has better range query throughput when
testing the systems with different system sizes. Figure 19 shows
this result with range query size set to 800.
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time
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Read operation. In contrast to the results of range query perfor-
mance, Figure 20 illustrates that Cassandra has better performance
than ecStore in the case of read operations. It is because of the
fact that Cassandra uses bloom filters to speed up read operations.
The bloom filters help Cassandra efficiently identify which SSTable
contains the queried record rather than traversing a long chain of in-
termediate nodes as in the B+-tree used in ecStore. Thus, there is
a trade-off on the performance of range query and exact query in
Cassandra and ecStore, because of their different implementations
of the physical storage at each node.

Additionally, the elastic scaling property of Cassandra and ec-
Store are well demonstrated in Figure 20. The results show that the
read latency in these two systems only increases a small amount
when we increase the system size. This means that more load can
be handled by adding more storage nodes into the system.

Write operation. Both Cassandra and ecStore buffer the write
operations in the memory and immediately return the success code
to the users’ requests. After a period of time or when the reserved
memory is full, the effect of these operations will be materialized
into the on-disk data structures (SSTable for Cassandra and persis-
tent B+-tree for ecStore) with a background process. Therefore, the
write operations in Cassandra and ecStore have low latency, about
1 msec in the experiment.

We also note that the design of ecStore does not fix to use the
persistent B+-tree as its local storage at each node. Users can use
other pluggable local data stores for different application workloads
when necessary, e.g. using MySQL to handle large data objects.

C.5 Experiments on PlanetLab
In this paper, we deal with the consistency issue of replicated

data and load balancing problem in range-partitioned systems, which
can be applicable to storage nodes that are located across the wide-
area network as in distributed clouds [6]. Therefore, we also de-
ploy ecStore and conduct experiments on PlanetLab. The system
size includes 18 nodes in the US region. In this experiment, the
query workload is generated according to Zipfian distribution with
the skew factor set to 1.

Percentage of ill-queries. In this test, we measure the number
of failed queries with different queries rate ranging from 50 to 500
queries submitted to each node per second. We set the capacity
of each storage node to 100 messages in the message-processing
queue. This means that incoming messages will be dropped if the
message processing queue is currently full with 100 messages al-
ready. A query request will fail if its messages are dropped during
the query processing.

Figure 22 depicts the percentage of failed-queries with different
query rates under the skewed query distribution. It can be observed
from the figure that there is a high percentage of failure queries
when no replication is exploited. Especially, the system suffers
from the highest percentage (up to 27%) of failure queries when
there are 500 queries submitted to each node per second.
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On the contrary, the system can perform well when the replication-
based load balancing technique takes its effect. By maintaining
a replication level of three, we can reduce the percentage of ill-
queries significantly. Furthermore, the curve with key ‘1-adapt’ in
Figure 22 also shows that the load-adaptive replication reacts effec-
tively to the skewed access pattern. The system starts with no repli-
cation, then gradually creates more replicas of popular data ranges
to shed the skewed query execution to others node, thus reducing
the percentage of failed-queries.

Improved query response time. In this test, we measure the
latency of read operations in three settings: replication level 1,
‘1-adapt’ and 3. As depicted in Figure 23, the workload of the
skewed access pattern is dispersed to other replicas, which prevents
the primary copy of a data object from becoming the bottleneck.
Hence, the latency of read operations is decreased when the repli-
cation technique is employed in the system. In particular, the av-
erage query latency is significantly improved when we increase the
replication level from 1 (no-replication) to 3 (there are totally three
copies of data in the system). Especially, with the replication level
1 augmented with the load-adaptive technique, ecStore gradually
populates more replicas of the hot query ranges and improves the
query response time when compared to the case of no-replication.
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